Lianas are a prominent growth form in tropical forests and there is compelling evidence 13 that they are increasing in abundance throughout the Neotropics. While recent evidence shows 14 that soil resources limit tree growth even in deep shade, the degree to which soil resources limit 15 lianas in forest understories, where they coexist with trees for decades, remains unknown. 16
alone or in combination, applied experimentally for more than a decade would cause significant 23 changes in morphology or physiology of tree and liana seedlings in a lowland tropical forest. 24 We found evidence for the first time that phosphorus limits the photosynthetic performance of 25 both trees and lianas in deeply shaded understory habitats. More importantly, lianas always 26 showed significantly greater photosynthetic capacity, quenching, and saturating light levels 27 compared to trees across all treatments. We found little evidence for nutrient × growth form 28 interactions, indicating that lianas were not disproportionately favored in nutrient-rich habitats. 29
Tree and liana seedlings differed markedly for six key morphological traits demonstrating that 30 architectural differences occurred very early in ontogeny prior to lianas finding a trellis (all 31 seedlings were self-supporting). Overall, our results do not support nutrient loading as a 32 mechanism of increasing liana abundance in the Neotropics. Rather, our finding that lianas 33 always outperform trees, in terms of photosynthetic processes and under contrasting rates of stomatal conductance, and photosynthetic yield were limited by N, P, and K, respectively, even 89 in deep shade (Pasquini and Santiago 2012) . In a separate study at the same site K limited tree 90 seedling growth (Santiago et al. 2012 ). For liana seedlings, however, both the degree of nutrient 91 limitation, as well as whether liana seedlings are more or less limited by soil resources than tree 92 seedlings, remains unknown. 93
Here we test the hypothesis in situ that nutrients limit photosynthetic physiology of liana 94 seedlings to a greater degree than tree seedlings. If lianas and trees differ, we would demonstrate 95 that in spite of their apparent similarities in seedling morphology, physiological divergence 96 happens early in ontogeny, and if not, then physiological differences must develop after they find 97 a trellis and begin ascending into the canopy. Furthermore, testing our hypothesis may provide 98 insight into the underlying mechanism for the increase in lianas in many Neotropical forests. 99
Nutrient deposition, particularly of nitrogen, is increasing throughout the tropics (reviewed by 100 Hedin et al. 2009 , Hietz et al. 2011 ), tree turnover rates also appear to be increasing (Phillips et 101 al. 2004) as are rates of human disturbances and deforestation (e.g., reviewed by Laurance 2008, 102 Wright 2010). All of these are likely to favor lianas particularly if they gain an advantage early 103 in ontogeny.
6
To test our hypothesis we are using a fully factorial experiment where N, P, and K have 105 been added to large replicated forest plots for more than a decade. We compare how soil 106 resources impact the physiology and morphology of seedlings of a phylogenetically diverse 107 group of lianas and trees from 13 plant families. We hypothesize that: 1) Lianas will show 108 greater responses to soil nutrients than trees because of their ability to allocate more to growth 109 versus structural support, 2) Lianas will be limited by different soil resources than trees, and 3) 110
Lianas in very early developmental stages prior to acquiring a trellis will have contrasting 111 patterns of plant architecture (e.g., internode length and leaf angle) compared to trees. Our goal 112 is to determine whether liana and tree seedlings are constrained by the same or different 113 resources or combinations of resources and link this to key aspects of photosynthetic physiology 114 and seedling architecture. Ultimately we link our findings back to recent evidence that strongly 115 suggests lianas are not only increasing in abundance throughout the Neotropics but also altering 116 patterns of carbon storage and sequestration (e.g., Schnitzer et al. 2014 , Schnitzer 2015 . 117
118

Materials and Methods 119
Study site 120
We performed this research in seasonally moist, semi-deciduous, tropical forest located 121 
Morphological measurements 193
We measured leaf angle, leaf thickness, internode length, and petiole length to 194 characterize seedling morphology. Crown depth, perpendicular crown widths, and seedlingheight were measured and used to calculate crown depth and crown area, relative to height. Leaf 196 angle was measured using a protractor with a weighted thread as the angle of the leaf measured 197 along the midvein from petiole attachment to leaf tip where a 90° leaf angle is parallel to the 198 ground and perpendicular to the main stem (leaf angle > 90° indicates that leaf at an obtuse angle 199 relative to the ground). We measured leaf thickness on an area of the leaf without major veins 200 using a digital micrometer (IP 65, Mitutoyo Corp., Mizonokuchi, Japan). Additionally, one leaf 201 from each seedling was collected and measured for leaf area (leaf petiole was removed) using a 202 leaf area meter (LI-3100, Li-Cor Biosciences, Inc., Lincoln, Nebraska, USA). Leaves were then 203 oven dried at 60°C for 48 hours and weighed to determine SLA. 204
Light availability 205
Light availability in the tropical forest understory is heterogeneous due to a mosaic of 206 canopy gaps and branch falls of differing ages and sizes. Because photosynthetic processes in 207 the understory are primarily light-limited (Pearcy 1988), we estimated light availability directly 208 above each of the 397 seedlings using hemispherical canopy photographs taken with a digital 209 camera (Coolpix 4500, Nikon Corp., Tokyo, Japan) mounted with a fisheye lens (Fisheye 210
Converter FC-E8 0.21x, Nikon Corp.). 211
Data analyses 212
We analyzed ETR light response curves for saturating photon flux density (PFD sat ) using 213
Photosyn Assistant (version 1.1, Dundee Scientific, Dundee, UK) as described by Prioul and 214 Chartier (1977) . Hemispheric canopy photographs were analyzed for total light transmittance 215 (T total; proportion of above-canopy ambient) using Gap Light Analyzer (Frazer et al. 1999). We 216 used a general linear model in SAS (proc glm; version 9.2, SAS Institute Inc., Cary, North 217
Carolina, USA) to determine whether liana and tree seedlings overall were found in differing Lianas performed substantially better than trees for all physiological metrics (14-21% 243 greater; Table 1 , Fig. 2A-C) . As expected, seedling photosynthetic performance was affected by 244 light availability (T total ; Table 1 ) and thus it is important to note that mean understory light 245 availability did not differ between liana and tree seedlings (Lianas: 6.0 ± 0.6% SE, Trees: 5.8 ± 246 0.7% SE, F 1,395 = 0.08, P = 0.78; Appendix C: Fig. C1 ). In addition, species within growth 247 forms differed significantly in physiological performance (Table 1) . 248
Nutrient additions, especially P alone enhanced photosynthetic physiology, whereas N or 249 K addition never did. P addition increased ETR max by 9.6% (Table 1, Fig. 3 ). P addition also 250 caused a marginally significant increase in q P (8.8%, P = 0.033; Table 1) . Surprisingly, when K 251 was added in combination with P it decreased the benefit to performance caused by adding P 252 alone as indicated by consistent significant P × K interactions (Table 1 , Fig. 4A-C) . 253
Specifically, P and K together decreased the benefit of adding P alone for ETR max , PFD sat , and q P 254 by 7.6%, 9.2%, and 10.2%, respectively (Table 1 , Fig. 4A-C) . Nutrient additions enhanced the 255 physiological performance of both lianas and trees to a similar degree (i.e., no significant 256 interaction between growth form and nutrient addition). For the effects of all nutrient treatment 257 combinations on the physiological responses of trees versus lianas see Appendix C (Fig. C2) . 258
Plant architectural traits 259
Lianas and tree seedlings were significantly different from each other for all but one 260 metric of plant architecture (Table 2 , Fig. 5A-F) . Liana crowns were 32.0% deeper, their leaves 261 were 10.5% thicker, their internodes were 27.3% longer, and their petioles were 111.2% longer 262 than trees (Table 2 , Fig. 5A-D) . Tree leaf angles were 3.9% greater, and they had 9.2% greater 263 SLA than lianas (Table 2, Fig. 5E-F) . Tree crowns were only marginally larger than lianacrowns (12.9%, P = 0.024; Table 2) . Surprisingly, light availability (T total ) had little impact on 265 seedling architecture except for SLA (Table 2) . Species within growth forms differed 266 significantly in seedling architecture (Table 2) . Liana seedlings averaged 28.2 ± 0.9 cm in height 267 and tree seedlings averaged 29.6 ± 1.0 cm in height (overall seedling height was 28.9 ± 0.7 cm). 268
Adding nutrients alone or in combination caused very few significant changes in seedling 269 morphology ( Table 2 , Fig. 6A-B) . Specifically adding K caused a significant but small increase 270 (6.5%) in SLA, and P alone and K alone caused marginally significant but fairly substantial 271 increases in leaf angle (P: 10.6%, P = 0.046, K: 10.0%, P = 0.042; Table 2 ). If these results were 272 additive for P and K, then adding P and K together should have caused an even greater increase 273 in leaf angle; however this did not occur. Instead, leaf angles were close to control levels when P 274 and K were added together (significant P × K interaction; Table 2 , Fig. 6B ). We did detect one 275 case where nutrient additions caused the opposite response between lianas versus trees; P 276 addition caused petiole length to increase (15.6%) for lianas but decrease (15.7%) for trees 277 (significant growth form × P interaction; Table 2 , Fig. 7) . Nonetheless, the strong signal here is 278 that nutrient amendments had little impact on seven different metrics of seedling morphology. 279 To our knowledge, this is the first study to demonstrate that the early seedling stages of 284 common species of lianas substantially outperform (from 14-21%) common species of trees for 285 three key photosynthetic metrics regardless of macronutrient availability. Increasing nutrient 286 supply rates for P alone increased the performance of both lianas and tree seedlings to a similar14 degree but adding K with P dragged this performance benefit down. Regardless, the take home 288 message here is that long-term nutrient amendments never benefited lianas more than trees for 289 any macronutrient or any macronutrient combination. Also, and somewhat surprisingly, nitrogen 290 addition never caused any significant change in any physiological or morphological metric. In 291 addition, we were surprised that lianas and trees were architecturally quite different from each 292 other even during the free-standing seedling stages when they appear morphologically quite 293 similar (Putz 1983 ; Table 2 , Fig. 5A-F) . Nutrient enrichment did not change this in any way. 294
Thus these early morphological differences were robust and did not change even under long-term 295 and sharply contrasting soil nutrient supply rates. We suggest that our findings are broadly 296 applicable because we studied a phylogenetically diverse array of 13 species from 13 families. 297
Overall, our findings demonstrate that liana seedlings growing in deep shade are always capable 298 of higher photosynthetic performance than tree seedlings under ambient light levels and under 299 sharply contrasting levels of macronutrients (e.g., N vs. P vs. K) or under ambient nutrient levels. 300
Thus the advantage of having a liana growth habit occurs very early ontogenetically prior to any 301 use of a trellis for support. Our results provide strong evidence that P limits photosynthetic 302 performance of seedlings of both trees and lianas in deeply shaded understory habitats. 303
P limits photosynthetic performance but P and K together do not 304
Adding P caused a significant increase in one of three measures of photosynthetic 305 performance (ETR max; Table 1, Fig. 3 and 4A ) and a marginally significant increase in a second 306 measure (q p ; Table 1 , Fig. 4B ). Adding K also increased photosynthetic performance, but this 307 increase was never significant (Table 1 , Fig. 4A-C) . Surprisingly adding P and K together 308 decreased photosynthetic performance relative to the addition of P alone (significant P × K 309 interaction) when it should have caused an increase in performance if the effect of eachmacronutrient alone was additive (Table 1, Fig. 4A-C identify which macronutrients were limiting or co-limiting. P addition enhanced ETR max because 316 P is known to increase biochemical efficiency of the light reactions of photosynthesis and 317 promote enhanced carbon assimilation rates (Kirschbaum and Tompkins 1990, Raaimakers et al. 318 1995) . Previous studies at this site demonstrate unequivocally that multiple soil resources co-319 limit trees in deep shade and we extend these results to seedlings of lianas. Thus, even a growth-320 form that is quite light-demanding and fast-growing can still be limited by soil resources when 321 light is at very low levels. We could not detect any impact of N additions on physiological 322 performance. Nonetheless, N, P, K, P × K, N × P and N × K all have been shown at times to 323 limit physiological performance, growth rate, or both, among woody species (current study, 
The physiology of lianas and their increase in Neotropical forests 352
There is compelling evidence that lianas are increasing in Neotropical forests (e.g., 353
Schnitzer 2015 and citations therein). Here we demonstrate that a phylogenetically diverse 354 group of lianas had enhanced physiological performance compared to a phylogenetically diverse 355 group of tree species (Table 1, Fig. 2A-C 
